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TECHNICAL NOTE
Kinetics of protamine-heparin complex formation in rat
glomeruli during renal perfusion
JOHN R. HOYER, THOMAS E. KRUEGER, and MARCEL W. SElLER
Department of Pediatrics, Harbor-UCLA Medical Center, Torrance, California, and Departments of Pediatrics and Pathology, Harvard
Medical School, Children's Hospital Medical Center, and West Roxbury Veterans Administration Medical Center, Boston, Massachusetts
Most forms of human glomerulonephritis are believed to
result from glomerular deposition of immune complexes [11.
This process may involve either localization of circulating
immune complexes [2, 31 or the in situ formation of immune
complexes [4]. Evidence that intrinsic glomerular properties
can influence immune complex deposition has been provided by
studies showing the effect of aminonucleoside nephrosis in rats
on subepithelial immune complex localization [5]. We have
recently demonstrated that the distribution of protamine-hepa-
nfl complexes (PH complexes) formed in situ during sequential
renal perfusions is similarly altered by aminonucleoside nephro-
sis [6], with markedly decreased subepithelial PH complexes
and increased mesangial complexes. These studies suggest that
PH complexes may be useful in evaluating the glomerular
factors influencing the localization and quantities of complexes
within glomeruli. Therefore, it appeared desirable to better
define the contribution of certain extrinsic factors to glomerular
PH complex formation. In the present study, we have deter-
mined the influence of the number and length of cycles of
sequential perfusion with protamine followed by heparin on the
size of subepithelial PH complexes formed.
Methods and results
Sequential perfusion through an aortic cannula of the kidneys
was performed on male Sprague-Dawley rats, each weighing
250 to 300 g, under pentobarbitol anesthesia as previously
reported [6] with the modifications described below. The aorta
and vena cava were ligated above the origin of the renal vessels,
and the left renal vein was punctured immediately prior to
perfusion. The following solutions were used in sequential
perfusions: Hank's balanced salt solution (without dextrose) at
a pH of 7.45 (buffer); protamine sulfate (Eli Lilly, Indianapolis,
Indiana) and 50 g/ml of inulin in buffer; sodium heparin
(Abbott Laboratories, Chicago, Illinois) and 50 g/ml of inulin
in buffer.
Kidneys were perfused initially for 2 mm with buffer and then
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with protamine, followed by heparin. Perfusions with prot-
amine and heparin were separated by perfusion with buffer for
10 sec. Heparin was omitted from the last of multiple cycles to
allow evaluation by immunofluorescence. To give comparable
periods of exposure, we perfused heparin for 1 mm less in single
prolonged perfusions than we did protamine. After the last
exposure to protamine or heparin, kidneys were perfused for 5
mm with buffer. Portions of renal tissue were immediately snap
frozen, sectioned at 4 p., stained with fluorescein-conjugated
rabbit antiserum to protamine, and examined by immunofluo-
rescent microscopy as previously described [6]. Additional
portions of renal tissue, 1 mm in thickness, were fixed by
immersion in 2% paraformaldehyde, 2.5% glutaraldehyde in 0.1
M sodium phosphate buffer (pH, 7.4), and processed for elec-
tron microscopy as previously described [6]. A minimum of two
glomeruli per kidney were studied, and five random pictures per
glomerulus were taken at a standard magnification of x 6,800.
The two electron micrographs per glomerulus with the highest
concentration of PH complexes were coded. Complex size in
the subepithelial zones of peripheral glomerular capillary 1oops
of these coded micrographs was independently graded by three
observers as follows: Grade 1+, all PH complexes were less
than the thickness of the lamina rara externa (Fig. IA); grade
2+, many of the complexes were approximately equal to, but
not larger than, the thickness of the lamina rara externa (Fig.
1B); grade 3+, many of the complexes were moderately larger
than the thickness of the lamina rara externa (Fig. 1C); grade
4+, many complexes were much larger than the thickness of the
lamina rara externa (Fig. 1D); trace or 0.5+, sections contain-
ing very small and infrequent complexes were assigned this
grading (Fig. lE).
The perfusion flow rate was monitored at 60- to 70-sec
intervals by determining the weight of renal venous effluent
aspirated into a suction flask placed on a balance. Urine was
collected through a suprapubic catheter placed in the bladder.
The volume of urine produced during the period of protamine
and heparin perfusion and during the final 5-mm period of buffer
perfusion was determined. The concentrations of inulin in the
perfusion solutions and in the two samples of urine obtained
during perfusion were determined by the Anthrone method [7].
Inulin clearances were calculated by using the total period of
perfusion with solutions containing protamine or heparin in the
denominator. Correlation coefficients were determined by lin-
ear regression analysis [8].
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Fig. 2. Relationship of protamine-heparin complex size to sequence
and time of perfusion of rat kidneys with protamine (25 ig/ml) and
heparin (7 U/mI). Cyclic perfusions involving I mm of protamine
alternating with 1 mm of heparin are shown by open circles. Single
perfusions with protamine followed by heparin are shown by closed
circles.
Fig. 1. Electron micrographs showing subepithelial PH complexes in
glomerular capillaries of rat kidneys sequentially perfused with prot-
amine (25 ig/ml) alternating with heparin (7 U/mI). A PH complexes
smaller than width of lamina rara externa (LRE) of GBM after two I-
mm cycles of protamine perfusion. B PH complexes approximating
width of LRE after three 1-mm cycles of protamine perfusion. C PH
complexes moderately larger than width of LRE after four 1-mm cycles
of protamine perfusion. D PH complexes considerably larger than width
of LRE after six 1-mm cycles of protalnine perfusion. E Very small PH
complexes after a single 4-mm perfusion with protamine followed by
heparin. (x 19,800).
The influence of the number of sequential perfusion cycles on
complex formation was evaluated using 2 to 6 cycles of 1 mm of
protamine followed by 10 sec of buffer and then 1 mm of
heparin, with each cycle separated by 10 sec of buffer. The size
of subepithelial PH complexes, determined by electron micros-
copy, progressively increased in direct proportion to the num-
ber of cycles with 25 g/ml of protamine and 7 U/mI of heparin
(Fig. 2). The correlation coefficient of the linear regression
analysis of PH complex size versus number of perfusion cycles
at 25 i,g/ml of protamine was 0.934 (P < 0.001) with a slope of
0.69. Although smaller at 10 g/ml of protamine (Fig. 3), the
size of PH complexes remained proportional to the number of
cycles; the correlation coefficient at this lower concentration
was 0.688 (P < 0.05), with a slope of 0.389. The size of PH
complexes formed after a single prolonged perfusion with
protamine followed by heparin was much smaller than it was
after cyclic perfusions for an equal period (Figs. 2 and 3), and
the number of complexes observed was also decreased. This
difference was not the result of a diminished glomerular expo-
sure to protamine and heparin, because the rates of renal
perfusion and glomerular filtration during single prolonged
sequential perfusions were comparable to that during multiple
cycles at 25 i.g/ml of protamine (Table I) and at 10 p.g/ml.
(Inulin clearances were greater than 1.0 mI/mm in the single
prolonged perfusions with protamine at 10 p.g/ml.) In contrast to
subepithelial PH complexes, the number and size of PH com-
plexes present in subendothelial zones were much more vari-
able and did not correlate closely with the number of perfusion
cycles. A relatively greater variability in the size of subendothe-
hal immune deposits is also a feature of human immune
complex glomerulonephritis, although the basis for these differ-
ences is not known. Substantial numbers of relatively large PH
complexes in the lamina densa of the GBM were observed only
after 6 perfusion cycles with protamine at 25 ig/ml (Fig. 1D).
Glomerular staining for protamine was observed predominantly
along capillary walls by immunofluorescence and became great-
er as the number of perfusion cycles increased. Staining of 2+
to 3 + intensity was observed in the glomeruli of 5 of the 6 rats
perfused with protamine, 25 pg/ml, for 6 cycles but was less
strong in all other groups. There was, however, considerable
overlap after fewer cycles and at 10 ig of protamine. It was not
possible by immunofluorescence to readily distinguish subepi-
thelial from subendothelial protamine staining. As previously
described [6], heparin interfered with the detection of prot-
amine by immunofluorescence, and glomerular staining for
protamine was negative or was a very faint trace after the single
prolonged sequential perfusions with protamine followed by
heparin. Staining for protamine was highly variable among
glomeruli in kidneys with the combination of highly variable
perfusion flow rates and low inulin clearances during perfusions
that were considered unsuccessful. During the last two thirds of
this study, 10% of perfusions were unsuccessful and were
excluded from the ultrastructural analysis.
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Table 1. Renal perfusion and glomerular filtration rates in rat kidneys
perfused with protamine (25 g/ml) and heparin (7 U/mI)
No.
of
rats
Perfusion"
Inulin
clearance
mi/mm
Time
mm of
protammne
Rate
mi/mm
Cyclic 3
5
7
6
2
3
4
6
31.7 1.3
24.0 3.2
25.0 1.6
25.1 2.4
ND
0.85 0.14
0.79 0.09
0.69 0.16
Single 1
2
4
6
18.0
20.0 1.0
0.52
0.72 0.32
a Cyclic perfusion involved I mm of protamine alternating with I mm
of heparin. See text for further details of perfusion schedules.
ND = not done.
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Fig. 3. Relationship of PH complex size to sequence and li/ne of
perfusion of rat kidneys with protamine (10 p.g/ml) and heparin (4
U/mi). Cyclic perfusions involving I mm of protamine alternating with I
mm of heparin are shown by open circles. Single perfusions with
protamine followed by heparin are shown by closed circles.
Discussion
This study shows that the size of subepithelial PH complexes
is directly dependent on the number of sequential protamine-
heparin perfusion cycles. The subepithelial PH complexes
formed during single prolonged perfusions with protamine
followed by heparin were much smaller than were the PH
complexes formed during cyclic perfusions involving an equal
total period of exposure to these solutions and comparable
glomerular filtration rates. The initial step in the formation of
subepithelial PH complexes involves the binding of the polycat-
ion protamine to fixed anionic sites containing the glycosamino-
glycan heparan sulfate [91 in the lamina rara externa of lhe
glomerular basement membrane and subsequent combination of
the polyanion heparin with protamine at these sites. The much
greater size of complexes produced by cyclic as compared with
single sequential perfusions strongly suggests that the addition
of successive polycationic layers alternating with polyanionic
layers is involved in the growth of these PH complexes. The
growth of PH complexes in situ thus appears analogous to the
growth of immune complex lattices. This concept is supported
by the recent description by Fleuren, Grond, and Hoedemaeker
[101 of in situ formation of subepithelial immune complexes in
the glomeruli of rat kidneys during cyclic perfusions with
bovine serum albumin (BSA) and anti-BSA.
Methods that allow amplification of the differences in local
conditions within glomeruli may be helpful in obtaining evi-
dence concerning the mechanisms of immune complex localiza-
tion. Repeated short cycles of sequential protamine and heparin
perfusion appear to offer such an amplification factor, because
quite large complexes are regularly formed within minutes.
These observations suggest that PH complexes may be a
particularly effective probe for the evaluation of the glomerular
determinants of immune complex localization.
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